An approach toward understanding the functional anatsequence complexity were identified in the contralateral rostral omy of higher order motor control mechanisms in the human supplementary motor area (pre-SMA) and the associated pallido-brain is to investigate the localization of changes in regional thalamic loop, as well as in right parietal area 7 and ipsilateral cerebral blood flow (rCBF), an index of local synaptic activprimary motor cortex (M1). In contrast, while rCBF in contralat-ity, associated with movements requiring different levels of eral M1 and and extensive parts of caudal SMA was increased central planning and control. Previous functional imaging compared with rest during task performance, significant correlated studies have utilized a variety of motor paradigms, ranging increases of rCBF with sequence complexity were not observed.
O PET. J. Neurophysiol. 79: 1070-Tanji and . Moreover, data derived from inves- 1080, 1998 . The aim of this study was to investigate the functional tigations of movement-related pallidal discharges in monanatomy of distributed cortical and subcortical motor areas in the keys indicate that the basal ganglia may act to focus desired human brain that participate in the central control of overlearned motor patterns by inhibiting unwanted movements (Marsden complex sequential unimanual finger movements. On the basis of and Obeso 1994; Mink and Thach 1991) and to facilitate previous research in nonhuman primates, a principal involvement of basal ganglia (medial premotor loops) was predicted for central sequential motor actions by sending signals to the SMA after control of finger sequences performed automatically. In pertinent each step of a predictable movement sequence (Brotchie et areas, a correlation of activation levels with the complexity of a al. 1991; Marsden and Obeso 1994) . The temporal characmotor sequence was hypothesized. H 2
15
O positron emission to-teristics of pallidal discharges (Brotchie et al. 1991) in relamography (PET) was used in a group of seven healthy male volun-tion to subcomponents of movement sequences are consisteers [mean age 32.0 { 10.4 yr] to determine brain regions where tent with the notion that ''the motor regions of the basal levels of regional cerebral blood flow (rCBF) correlated with ganglia deliver instructions, based upon a read-out of ongograded complexity levels of five different key-press sequences. All ing activity in sensorimotor cortex, to premotor areas in such sequences were overlearned before PET and involved key-presses a way as to set up the correct motor programmes required of fingers II-V of the right hand. Movements of individual fingers were kept constant throughout all five conditions by external pacing for the next motor actions'' .
at 1-Hz intervals. Positive correlations of rCBF with increasing An approach toward understanding the functional anatsequence complexity were identified in the contralateral rostral omy of higher order motor control mechanisms in the human supplementary motor area (pre-SMA) and the associated pallido-brain is to investigate the localization of changes in regional thalamic loop, as well as in right parietal area 7 and ipsilateral cerebral blood flow (rCBF), an index of local synaptic activprimary motor cortex (M1). In contrast, while rCBF in contralat-ity, associated with movements requiring different levels of eral M1 and and extensive parts of caudal SMA was increased central planning and control. Previous functional imaging compared with rest during task performance, significant correlated studies have utilized a variety of motor paradigms, ranging increases of rCBF with sequence complexity were not observed.
Inverse correlations of rCBF with increasing sequence complexity from simple ballistic to highly complex sequences of finger were identified in mesial prefrontal-, medial temporal-, and anterior movement (Boecker et al. 1994; Colebatch et al. 1991 ; Fox cingulate areas. The findings provide further evidence in humans Rao et al. 1993 ; Remy et supporting the notion of a segregation of SMA into functionally al. 1994; Roland et al. 1980a Roland et al. , 1982 Sergent et al. 1992 ; distinct subcomponents: although pre-SMA was differentially acti- Tyszka et al. 1994) . These studies vated depending on the complexity of a sequence of learned finger have supported the notion that the SMA is involved in the movements, such modulation was not detectable in caudal SMA process of organizing sequential motor actions, as have stud-(except the most antero-superior part), implicating a motor execuies of remembered and voluntary saccade generation (Andertive role. Our observations of complexity-correlated rCBF in- son et al. 1994; O'Sullivan et al. 1995; Petit et al. 1993) creases in anterior globus palllidus suggest a specific role for the basal ganglia in the process of sequence facilitation and control. and speech (Roland 1984) .
They may act to filter and focus input from motor cortical areas
The concept of a functional segregation of human SMA as patterns of action become increasingly complex.
into distinct subcomponents, with a rostral area particularly involved in higher order motor planning and control, is supported by recent neuro-imaging studies. Deiber et al. Playford et al. (Playford et al. 1992 ) demonstrated selective activation of rostral SMA (i.e., region anteComplex sequential motor actions such as piano playing rior to the cortical projection of the anterior commissure) or typewriting involve a sophisticated coordination of multialong with dorsolateral prefrontal cortex (DLPFC) when ple predetermined movements according to a specific temporo-spatial context. There is evidence from single unit re-subjects performed joystick movements in freely selected directions, paced by a tone, compared with cued or stereoOn the basis of the electrophysiological recording data in monkeys performing prelearned sequences of hand movetyped movements in a fixed forward manner. More recent imaging studies with magnetic resonance imaging (MRI) ments (see previous text), we hypothesized primarily rostral SMA (pre-SMA) and basal ganglia to be involved in the and positron emission tomography (PET) indicate that pure motor imagination, as opposed to motor performance, is as-central control of automated sequential movement. Additional involvement of the ipsilateral primary motor cortex sociated with enhanced rostral activation of the mesial premotor cortex Tyszka et al. 1994) . was anticipated on the basis of recent imaging data comparing sequential and ballistic motor tasks (Shibasaki et al. These data indicate a rostro-caudal segregation of premotor areas involved in motor planning as opposed to motor execu-1993). tion. Nevertheless structure-function relationships in human premotor cortical areas remain incompletely understood, in M E T H O D S particular, the functional interactions between basal ganglia Subjects and cortical motor areas in the process of motor sequence control.
We scanned seven healthy male volunteers with a mean age of 32.0 { 10.4 yr in the study. None of them had a history of neurolog-A way of approaching these issues more precisely with ical or psychiatric disease and none were taking medication at the PET is to define characteristics of task-dependent central time of PET. All subjects were right-handed, as assessed by the processing via correlational analyses that relate evoked Edinburgh Handedness Inventory (Oldfield 1971) . Written inrCBF responses to graded modulations of specific perforformed consent was given by all subjects before the PET experimance parameters ; Friston et ment. The studies were approved by the Hammersmith Hospital al. 1993). Previous correlational analyses with modulations Medical Ethics Committee. Permission to administer radioactivity of basic movement parameters have demonstrated that was obtained from the Administration of Radioactive Substances graded increases in frequency and force levels of movement Advisory Committee (ARSAC) of the Department of Health of are associated with increases of rCBF in primary motor the United Kingdom. cortex (M1) and caudal SMA, but not in pre-SMA nor in the basal ganglia (Blinkenberg et al. 1996; Dettmers et al. Experimental design 1995; Jenkins et al. 1997; Sadato et al. 1996b ). These findRepeated measurements of rCBF were performed in each subject ings support the notion that caudal SMA has a motor execuwith H 2
O PET. Each 12-run PET study consisted of two resting tive role closely linked to M1, in contrast to rostral SMA conditions and five pairs of key-press sequences involving fingers and basal ganglia that do not seem to be involved in de-II-V of the right hand. Scans were arranged according to a Latintermining basic parameters of movement execution.
Square design to minimize potential time and order effects. SubOn the basis of this recent work, we wished to identify jects had to continue performing each sequence repeatedly for the those parts of the distributed motor system that control and duration of each scan. Finger movements in all five sequences were facilitate complex patterns of sequential movement as op-kept constant by external pacing with a computer-generated sound at one second intervals but sequence lengths ranged from four to posed to those parts that are primarily executive. A recently a total of eight finger movements of increasing complexity (see published study has addressed this issue by correlating rCBF Table 1 ). Sequences differed in terms of the number of repetitive with units of sequence length as an index of ''complexity,'' and interposed finger movements in the opposite direction added whereas rate, rhythm, and total number of movements were to a simple unidirectional sequence of all four fingers in order, kept constant (Sadato et al. 1996a) . Sequence length in-corresponding to sequence one. To avoid internal calculation as a creased linearly from 4 (complexity level I) to a maximum confounding factor during the PET experiment, detailed verbal of 16 (complexity level IV) opponent finger movements, descriptions of the required movements were given for each of the performed on the basis of memory. In this study, positive five sequences. In particular, subjects were asked not to assign correlations with sequence length were identified in right numbers to finger movements dorsal premotor cortex (Brodmann area 6) and right precuTo remove motor learning during the course of this study, all subjects recruited for the PET scan were instructed two weeks neus (Brodmann area 7). Sadato and coworkers interpreted before the experiment to regularly rehearse all five sequences of their findings as an indication that these areas play a role in finger movements until performance was so automatic that they the ''storage of motor sequences in spatial working memory were able to read a book or maintain a conversation while perand the production of ongoing sequential movement with forming each of the tasks. On the day of PET, the degree of reference to that of buffered memory.'' automaticity was tested with serial object span tasks according to a
We use a similar methodological approach, but rather than primarily interrogating mechanisms of retrieval from motor directional sequence of four finger movements in order. IV 2, 2, 3, 4, 4, 3, 5 Given the difficulty in performing these motor tasks accu- V 2, 2, 3, 4, 4, 3, 5, 3 rately, all five motor sequences were overlearned before PET, to reduce any effect of motor learning in the course previously published report (Jenkins et al. 1994) : while performing FOV of our camera is 10.65 cm, we were not able to include the entire cerebellum in this study and so cerebellar activity will not each of the five sequence tasks separately, five different independent objects were named at a rate of one per second and subjects be addressed further in this manuscript.
Measurements of regional distribution of radioactivity were perrequired to repeat them instantaneously in correct order. Adequate performance in this test was a prerequisite for subsequent PET formed with a CTI 953 B PET camera (CTI, Knoxville, TN).
The physical characteristics of the camera have been described scanning.
During PET, response times of individual finger movements previously (Spinks et al. 1992) . Interplane septa were retracted to acquire data in the three-dimensional mode and improve point were recorded throughout all five motor tasks. Subjects were explicitly instructed to avoid anticipation, i.e., not to move their finger source sensitivity (Bailey et al. 1991) . After corrections for randoms, dead time, and scatter, all emission data were reconstructed before the onset of the next pacing tone in the sequence. On-line video recording was used to monitor any associated movements by filtered back projection (Hanning filter, 0.5 cycles/pixel cutoff frequency) to 31 consecutive axial planes with a resolution of of the left hand. In addition, separate surface electromyographical recordings were performed in two volunteers under identical exper-8.5 1 8.5 1 4.3 mm at full-width at half-maximum (FWHM) (Spinks et al. 1992) . Reconstructed images were displayed in a imental conditions to investigate task-related coactivation of the ipsilateral proximal and distal arm musculature. 
Data acquisition
transmission scans were recorded individually and used to correct Subjects were scanned while lying supine with their eyes closed for attenuation of the 511 KeV radiation by skull and brain. Then and their ears unplugged. Head fixation was accomplished with the distribution of cerebral radioactivity during each scan was reindividually fitted vacuum-operated polysterene head moulds. corded over 90 s; each measurement was started with a background Head positioning was carried out by aligning the transaxial PET scan of 30 s. After a delay of about 30 s, depending on individual planes to the orbitomeatal line with a laser beam. Head position circulation times, 11.5 mCi/run of freely diffusible positron-emitwas then adjusted carefully to include the vertex in the upper limit ting water (H 2 15 O) in 3 ml of normal saline solution were adminisof the data set. Therefore inclusion of the SMA in the field of view tered by an automated infusion pump as a slow bolus (20 s) into the subject's left antecubital vein . Scanning (FOV) of the scanner was ensured in all subjects. Because the started Ç5 s before the onset of rise of the background counts, Data analysis Ç30 s after the start of infusion. Each experimental condition was started Ç10 s before data acquisition and was continued until the For data analysis, the condition, subject, and covariate effects were estimated according to the general model at each voxel. The completion of the scan. This process was repeated for all of the 12 scans, with between-scan intervals of 10 min to allow time for confounding effect of variation in global blood flow across subjects and scans was removed by an analysis of covariance (ANCOVA) radioactive decay.
with global flow as the confounding variable and mean rCBF normalized to an arbitrary level of 50 mlr100 ml 01 rmin 01 (Friston et al. 1995b ). These adjusted rCBF voxel values were then used
Data transformation
for further statistical analyses.
The statistical analyses of the group data in this study comAll calculations and image transformations were performed on Sun SPARC 5 workstations (Sun Computers Europe, Surrey, UK). prised formal categorical comparisons and independent correlational analyses. To identify the exact location of brain areas For data analysis, statistical parametric mapping software (SPM 95, Wellcome Department of Cognitive Neurology, London) im-involved in the task per se, categorical comparisons comparing the average of all activation scans with the resting state were plemented in the Matlab environment (Mathworks, Sherborn, MA) was used. SPMs are spatially extended statistical processes that performed ( P õ 0.05, corrected for multiple nonindependent observations ) . Each of these activated and deactivated brain are used to characterize regionally specific effects in imaging data. SPM combines the general linear model and the theory of Gaussian areas were then interrogated to determine whether or not r CBF correlated with increasing sequence complexity. For this second fields to make statistical inferences about regional effects Worsley et al. 1992) . In the first stage of analysis, analysis, the resting state scans were not included. The X, Y, and Z coordinates of activation foci identified by the categorical the scans of each subject were coaligned to the first of the series by using an automated realignment program based on a six parame-comparisons were used to test for correlated r CBF changes. A maximum deviation of 1 cm was allowed to identify voxels with ter rigid-body transformation using a least-squares technique on a voxel-by-voxel basis (Friston et al. 1995a ). This generated an peak correlation within the same anatomic region. Because the areas investigated had already been identified as participating aligned set of images per subject and a mean image (each of 31 planes). The mean image, characterized by the highest anatomic in the task ( i.e., to belong to the distributed motor circuit that is activated or deactivated during performance of complex sedetail, was transformed into standard stereotactic space, corresponding to the atlas of Talairach and Tournoux (Talairach and quential movements ) a lower threshold for significance was set ( P õ 0.01 ) for correlated r CBF changes and no correction for Tournoux 1988). This procedure of spatial normalization involves a 12 parameter affine (linear) and quadratic (nonlinear) three-multiple comparisons was applied.
This dual approach has the potential to functionally discriminate dimensional transformation on a slice-by-slice basis (Friston et al. 1995a ). The same transformations were then applied to each of primarily executive motor regions from hierarchically higher motor areas that are specifically concerned with the central control of the subject's realigned images to ensure identical orientation in standard space. As a final preprocessing step, all data were complex sequential movement. Because basic motor parameters (e.g., frequency, amplitude of movement) were controlled by the smoothed with an isotropic Gaussian kernel of FWHM 12 mm to increase the signal-to-noise ratio and to compensate for individual task design, we expected essentially executive motor regions to behave monotonically throughout all five conditions, in contrast to differences in gyral anatomy. Clusters of deactivation including regional peaks in the categorical comparison are listed in consecutive order. The data are presented as in Table 2 .
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http://jn.physiology.org/ Downloaded from central higher motor control areas where modulated rCBF in-premotor areas (covering both rostral and caudal SMA), creases relative to sequence complexity were predicted.
anterior cingulate, parietal area 40, and precuneus. Subcortically, basal ganglia were activated bilaterally along with left thalamus (Table 2A) . Areas significantly deactivated by the R E S U L T S tasks (Table 3A) included secondary visual cortex, inferiorThe mean response times of individual finger movements, and medial temporal gyri bilaterally, and anterior and posterecorded for the five sequential finger movement tasks, were rior cingulate, as well as frontal cortical areas (Brodmann 0.35 { 0.02 s. Differences in the mean response times among areas 10 and 8). individual group means for sequences I-V were nonsignifiCorrelated increases of rCBF with sequence complexity cant [P Å 0.49, repeated measures analysis of variance (Table 2B) were seen in a subset of distributed motor areas (ANOVA)]. Moreover, no differences in task error rates identified by the categorical comparison (Fig. 1A,B; Fig. were recorded. On-line video recording revealed no visible 2). These areas were the rostral SMA (pre-SMA, extending movements of the left hand in any of the subjects participat-into the antero-superior part of caudal SMA), ipsilateral M1, ing in the study. Furthermore, separate surface electromyo-right parietal area 7, left thalamus, and bilateral anterior graphical recordings that were performed outside the PET globus pallidus, extending into adjacent putamen. In conscanner in two further volunteers under identical experimen-trast, although contralateral M1 and extensive parts of caudal tal conditions revealed no task-related coactivation of the SMA showed significant activation with movement comipsilateral arm musculature, either proximally or distally.
pared with rest, changes in rCBF did not correlate with task Areas significantly activated by the sequential finger task complexity (Fig. 1, A and B) . with the right hand compared with the resting condition Correlated decreases of rCBF with sequence complexity included the contralateral (Z score, 9.23) and ipsilateral (Z were seen in subsets of brain areas deactivated compared with rest (Table 3B ). Areas of significantly correlated rCBF score, 4.07) primary sensorimotor cortex, lateral, and medial . At a threshold of P õ 0.001, only left pre-supplementary motor area (pre-SMA) and right parietal area 7 show correlated increases of rCBF with sequence complexity. These regions constitute a subset of widely activated cortical premotor, primary motor, and association areas as identified by categorical comparison. B: axial cortical section (56 mm above bicommissural line) demonstrating precise anatomic location of peak categorical (top, P õ 0.001) and correlated (bottom) rCBF increases in SMA with respect to vertical line passing through anterior commissure (red horizontal line). Threshold of bottom image was reduced to P õ 0.05 to demonstrate both spatial extent of correlated pre-SMA focus of rCBF increase and absence of any such correlation in contralateral M1 and caudal posterior SMA. Voxels with highest correlations of rCBF and sequence complexity are located in contralateral pre-SMA, rostral to anterior commissure. C: surface-rendering of SPMs demonstrating categorical (left) and correlated (right) decreases of rCBF (P õ 0.001). Highest correlated decreases of rCBF with increasing sequence complexity are located in right mesial prefrontal area 10 and right medial temporal area 39. decreases included mesial prefrontal-, right medial temporal-, et al. 1985; Wessel et al. 1995) but these structures were not sufficiently covered by the field of and anterior cingulate (Brodmann area 32) (Table 3B ; Fig.  1C ). Figure 3 shows scatter diagrams of adjusted individual view of our PET camera.
Of the cortical and subcortical areas of the brain activated rCBF levels in four regions of particular interest plotted against consecutive task complexity levels I-V.
by sequential finger movements, only selected regions showed significant correlation of evoked rCBF responses with changes in sequence complexity. These brain areas can, D I S C U S S I O N therefore, be postulated to have a primary role in the central The findings of this study indicate that neuronal activity control and facilitation rather than in the execution of indiwithin a distributed cortical and subcortical motor system vidual finger movements during sequences. In the following can be attributed to the overall complexity of a familiar sections, the results of this study will be discussed area by motor task. The pattern of activated brain areas obtained area with respect to their involvement in sequence control. on categorical analysis confirms previous imaging data on sequential finger movements (Rao et al. 1993; Roland 1985 ; Primary sensorimotor cortex Wessel et al. 1995) , including widespread bilateral activation of motor-, premotor-, and parietal
The noncorrelated increase of rCBF in the contralateral primary motor cortex during performance of increasingly cortical areas, along with basal ganglia and thalamus. Participation of cerebellar structures in motor sequencing is also complex sequential finger movement supports a role for M1 predominantly related to execution of individual finger to be expected on the basis of previous PET studies (Fox movement during a sequence. Single-cell activity recordings ual (Benecke et al. 1985; Kitamura et al. 1993; Lang et al. 1988) . Similar conclusions can be drawn from pioneering from M1 in awake monkeys trained to perform a sequential motor task revealed very similar levels of neuronal firing, functional imaging work with Xenon-SPECT, which demonstrated SMA activation during the execution of a sequence regardless of whether the motor task was visually guided or internally cued (Mushiake et al. 1991) . Moreover M1 activ-of different isolated finger movements, but not during fast repetitive (nonsequential) flexions of the same fingers (Roity was similar when movements were determined by visual or auditory signals (Tanji and Kurata 1982) . This lack of land et al. 1980a). More recent imaging studies with PET, however, using intersubject averaging, have shown partici-''modality specificity'' (Tanji and Shima 1996) is one of the major features differentiating M1 from premotor cortical pation of caudal SMA also during nonsequential motor tasks (Colebatch et al. 1991; Fox et al. 1985) , findings that are function (see below). Functional imaging data in humans support these conclusions. Jahanashani and coworkers, for further supported by recordings of movement-related potentials from subdural electrodes in patients performing nonseexample, recently reported similar levels of M1 activation during self-initiated and externally triggered movements (Ja-quential movements (Ikeda et al. 1992) . Nevertheless, a variety of more recent imaging studies have unambiguously hanshahi et al. 1995) . In line with our findings, Sadato and coworkers reported a lack of correlated activation levels in shown enhanced SMA activity during sequential or volitional as compared with simple cued ballistic (nonindividu-M1 as sequences of movements became increasingly complex. In their study, as in ours, there was careful control of ated) tasks (Rao et al. 1993; Remy et al. 1994; . These data, together with the demonstration of basic movement parameters, in particular movement frequency (Sadato et al. 1996a ).
SMA but not M1 activation during pure motor ideation (Roland et al. 1980b; and evidence from Interestingly, we found complexity-correlated rCBF increases in ipsilateral M1, though at a weak statistical level SMA lesion studies (Freund 1987) are compatible with the human SMA playing a central role in the higher control of of significance (Z score, 2.5; see Table 2B ). Nevertheless, our findings support previous imaging data ( Kim et al. 1993 ; motor subroutines and the organization of motor actions in sequential order Tanji and Rao et al. 1993; , which have demonstrated involvement of ipsilateral M1 during complex se-Shima 1996).
A more refined concept of the functional organization of quential but not ballistic motor tasks. These observations, together with the identification of slow negative potential mesial premotor cortex has emerged from neuronal recordings in awake monkeys. These show increased singleshifts over M1 before movement onset (Kitamura et al. 1993) as well as the demonstration of disturbed motor se-unit activity in rostral SMA (i.e., pre-SMA) during preparatory periods before performance of prelearned movement quence performance after repetitive transcranial magnetic stimulation over the ipsilateral primary motor cortex (Chen (Matsuzaka et al. 1992; . In contrast, direct movement-related activity, time-locked with the EMG siget al. 1997), support the idea that ipsilateral M1 may be recruited for the control and preparation of complex sequen-nal, is more prominent in caudal SMA (Matsuzaka et al. 1992) . Further work by the same group (Halsband et al. tial motor tasks. The absence of associated minor movements of the ipsilateral hand on video monitoring and electromyo-1994) has extended these findings by studying predetermined sequences of movement either on the basis of retrieval graph (EMG) suggests that correlated ipsilateral M1 activation was not artifactual.
(internally guided) or cued by external triggers (visually guided). Pre-SMA neurons are more active during movement preparation compared with execution. During movePremotor cortex ment they fire preferentially when the task is internally guided. These studies in monkeys demonstrate a functional The results of our study, both on categorical and correlational analyses, provide further in vivo evidence supporting subdivision of rostral and caudal SMA, which is supported by cytoarchitectonic-and histochemical investigations (Lupa role of the mesial premotor cortex in the central processing of sequential limb movements, particularly those that are pino et al. 1993; Rizzolatti et al. 1996; Zilles et al. 1995 Zilles et al. , 1996 and intracortical microstimulation internally guided and performed on the basis of memory (Goldberg 1985; Halsband et al. 1993; findings (Luppino et al. 1991; Matsuzaka et al. 1992) . These have revealed reciprocal connections between caudal SMA Tanji 1994; Shima 1994, 1996) . This is in line with analyses of single cell SMA activity in trained monkeys and M1. In contrast, while the pre-SMA projects to caudal SMA, it is not directly connected with M1. Instead, pre- (Mushiake et al. 1990 ) that demonstrate preferential activity of mesial premotor cortex during remembered (as compared SMA has connections with anterior cingulate cortex (area 24), the DLPFC, anterior lateral premotor cortices, and poswith externally driven) sequences of movement. Recently, these recording data were further extended by the demonstra-terior parietal areas, including parietal area 7 ). tion of ''sequence-specific neurons'' in SMA that are active only in response to one particular movement sequence and
The concept of a subdivision of SMA into functionally distinct parts along the rostrocaudal axis is supported by not an other (Mushiake et al. 1991; Shima 1994, 1996; see below) . recent functional imaging studies in humans (for a recent overview see: Picard and Strick 1996), complemented by the Electrophysiological evidence in humans supporting a role for SMA in the organization of sequential movement stems data presented here. It has been considered that a functional subdivision between caudal and rostral (pre-) SMA occurs from readiness potential studies (Deecke et al. 1969) , which have demonstrated highest early negative amplitudes over at the level of the ventral anterior commissure (VAC) line Picard and Strick 1996) . Taking such a the vertex when finger movements are sequential or biman-boundary, pure motor imagery, for instance, is associated sequence. These observations, along with lesion data, suggest that caudal SMA has a greater involvement than M1 with activation located directly posterior to the VAC line, corresponding to the most rostral part of caudal SMA (Ste-with respect to central motor sequence control; this may not have been detected with PET for technical reasons. phan et al. 1995) . The first demonstration of selective pre-SMA activation in humans was obtained from a paced joystick task comparing freely selected to stereotyped forward Parietal area 7 movements . In that study, pre-SMA and
The evoked rCBF responses observed in right posterior DLPFC, but not caudal SMA were relatively more activated, parietal area 7 (precuneus) correlated highly with the comreflecting the process of decision making during the first but plexity of our sequential motor task. It is of interest that not the second task Playford et al. 1992) .
direct connections exist between pre-SMA and parietal area These findings were recently extended by work on internally 7 ). This area is thought of as an integselected versus externally cued finger movements (Deiber rative system involved in the processing of spatial aspects et al. 1996) . The data associated with conscious selection of movement. Imagining joystick movements (Stephan et processes can be contrasted with studies on simple repetitive al. 1995), tracking a target in space (Grafton et al. 1992b ), upper limb movements not requiring any decision making, and volitional saccadic eye movements in darkness (Petit et where the focus of SMA activation was located posterior to al. 1996) are all associated with activation in this area. Our the VAC line (Colebatch et al. 1991) . Moreover, investigafindings suggest that subconscious internal visualization of tions of graded variations of basic motor execution paramefinger movements in space may be occurring as sequences ters, such as frequency and force of movement, have resulted become increasingly complex. During the learning phase in correlated rCBF increases in caudal SMA and contralatbefore PET, subjects were asked not to attribute numbers to eral M1, but not in pre-SMA (Blinkenberg et al. 1996 ; Detta particular finger to avoid silent articulation or counting. mers Jenkins et al. 1997; Sadato et al. 1996b ).
Sadato and coworkers identified similar correlated rCBF In the context of these functional imaging data, our identiincreases in right precuneus when sequence complexity infication of rCBF increases in the pre-SMA territory that creased (Sadato et al. 1996a ). In interpreting their data, they correlate with the complexity of a motor sequence is a novel discussed the possible influence of rising levels of attention finding. It complements the correlational data on basic motor required to process increasingly complex sequences. execution parameters (see above) in that a task-specific correlated rCBF increase can, on the basis of our data, be attributed to the mesial premotor cortex territory located rostral Basal ganglia to the VAC line. Because basic motor parameters were carefully controlled by the study design, our data suggest a role
The finding of complexity-correlated rCBF increases in the globus pallidus during our sequential motor task is of for pre-SMA, other than determining basic parameters of movement execution. Rather, our data, are to be interpreted particular interest. Anatomically, the basal ganglia are part of a frontal-basal ganglia-thalamo-frontal loop. The output in line with electrophysiological recording data in monkeys showing enhanced pre-SMA activity during preparation and nucleus of the basal ganglia is the globus pallidus internus (GPi), which projects to the ventral thalamic nuclei (Albin control of prelearned movement sequences (Halsband et al. 1994; Picard and Strick 1996) . Such control mechanisms et al. 1989; Flaherty and Graybiel 1994) .
Activation of the basal ganglia has been demonstrated appear to be required for adequate performance, in particular as sequencing becomes more complex. With respect to the with functional imaging in most motor tasks but their precise role in the central organization and control of movement work of Deiber and coworkers , our demonstration of involvement of pre-SMA, but not DLPFC remains unclear. Previous PET studies have identified similar levels of activation of the lentiform nucleus when joystick in a prelearned motor task suggests that pre-SMA may act to facilitate complex sequential movements even when no movements are either stereotyped or freely selected Playford et al. 1992 ). There were also no differconscious decision making or selection process is required. A recent PET study comparing sequential with repetitive ences in lentiform rCBF when movements were internally generated compared with externally paced (Jahanshahi et al. finger oppositions also identified enhanced SMA activation in motor sequencing ). However these 1995; Jenkins et al. 1994a) . During the course of motor learning tasks, lentiform activation stayed at a similar level authors found no relative anterior spread of activation toward rostral SMA in their sequential task. This difference between suggesting that the basal ganglia do not primarily mediate motor procedural learning (Grafton et al. 1992a ; Jenkins et our findings and those of Shibasaki et al. may in part be attributed to variations in the task design (self-paced task, al. 1994a) . Furthermore, no correlation of lentiform rCBF with increasing movement frequency (Blinkenberg et al. rather than cued) and also the analytic method employed (categorical rather than correlational approach).
1996; Jenkins et al. 1997; Sadato et al. 1996b) or force (Dettmers et al. 1995) was found, suggesting that the basal It is important to point out that the absence of correlated rCBF increases in the bulk of caudal SMA (except for the ganglia do not determine basic movement parameters. For further discussion of these PET findings see (Brooks 1995) . most antero-superior part) does not mean that caudal SMA has a role entirely directed toward executive aspects of motor There are however, electrophysiological data supporting a primary role of the basal ganglia in the process of facilitatbehavior. In fact, there is evidence from neuronal recording studies that sequence-specific neurons exist in caudal SMA ing and optimising sequential motor performance, this function being mediated through interaction with premotor cortex (Tanji and Shima 1994). These neurons fire differentially depending on the specific order of similar movements in a via thalamocortical projections. Brotchie and coworkers, (Brotchie et al. 1991) have recorded from pallidal cells in ity,'' while rate, rhythm, and total number of movements were kept constant. This study differs from ours, however, monkeys trained to perform predictable sequences of wrist movements. The firing of a subpopulation of these pallidal in the ''a priori'' definition of the independent variable used for correlation, i.e., proportionally graded increases of secells was characterized by a dependence on the degree of automaticity and predictability of sequential movements. A quence length (Sadato et al. 1996a ) as opposed to graded changes in sequence complexity and length applied in our separate small group of pallidal neurons was characterized by biphasic responses at onset and cessation of EMG activ-study. The advantage of the design used by Sadato and coworkers is that the independent variable (sequence length) ity. The temporal characteristics of these pallidal discharges were interpreted as providing cues to the SMA, allowing it increases in a strictly linear fashion. Although in our design, repetitive and retrograde finger movements were introduced to switch to the next movement in a programmed sequence. Muscimol, a g-aminobutyric acid (GABA) agonist, when in a controlled fashion from sequences I-V, our sequence complexity increases were nonlinear. Our subjects reported injected into pallidum leads to both, tonic and phasic cocontraction of wrist flexors and extensors during movement that more training trials were required to attain automatic performance as sequences became increasingly complex, (Mink and Thach 1991) . This finding suggests that the pallidum may act to focus and filter desired motor patterns though we recorded no behavioral data to quantitate this.
We feel confident, however, that the automatic design of our during movement, optimizing them and inhibiting unwanted movements (Marsden and Obeso 1994 ; Mink and Thach study focuses primarily on the central control necessary for the accurate performance of increasingly complex motor se-1991). It is tempting, to interpret our finding of correlated rCBF increases in globus pallidus with complexity of se-quences, rather than the functional anatomy of retrieval of stored sequence information. quential movement as further evidence that the basal ganglia mediate sequential movement, possibly via a focusing and
In support of this viewpoint, Sadato and coworkers found no correlated rCBF changes in SMA as sequences of movefiltering role.
ments became increasingly lengthy. They concluded that ''activation of the SMA is related to the execution of the Decreases in cortical activity sequence regardless of its length or complexity'' (Sadato et Correlated rCBF decreases in cortical areas (prefrontal al. 1996a ). These findings may be explained by the fact that, and temporoparietal regions) with sequence complexity are although sequence length was the independent variable, the likely to reflect activity reductions in brain regions irrelevant tasks under investigation did not differ in terms of complexto the task. Indeed, rCBF was reduced in regions that are ity of performance, i.e., they required similar levels of senot pivotal to the overlearned sequential motor task. Jenkins quencing of the four fingers. and coworkers (Jenkins et al. 1994) have shown that neither Other issues of relevance to our findings are the degree of prefrontal nor temporo-parietal activation is required during motor learning and attention to task performance. Complex performance of learned sequences of finger movements with sequential finger movements as studied in this PET experieyes closed. Our findings suggest that correlated rCBF de-ment are difficult to execute accurately and require repeated creases in nonmotor areas occur in parallel with correlated learning trials before performance is automatic. The response activity increases in the motor system. We suggest, therefore, time measurements of individual finger movements revealed that this is the result of task-dependent focusing of neuronal no significant differences between sequence complexity levactivity, which is essential for facilitating activation of the els I-V, implicating that the tasks were overtrained at the relevant brain circuitry.
time of PET scanning. Moreover, the absence of prefrontal activation supports automaticity of task performance because prefrontal cortex activation was observed in a previous study Experimental design from our group during novel sequence learning (Jenkins et al. 1994) . Furthermore, in interpreting our results, we have The experimental design of this PET study allowed us, first, by externally pacing movements of all four fingers in no reason to suppose that attention to the tasks differed systematically depending on the complexity of the five seeach of the five sequences, to keep the total number of movements (i.e., ''basic executive'' motor parameters) con-quences tested. Jueptner et al. (Jueptner et al. 1997) , in a recent study, demonstrated that attention to the performance stant throughout the entire study; second, by systematically changing only one of the experimental parameters, i.e., the of a prelearned sequence activates dorsal prefrontal cortex along with cingulate area 32. Finally, our results can also not overall complexity of the tested sequences or ''higher-order'' motor parameter, to identify areas involved in control be explained by a time effect, because the order of different movement sequences was randomized for every subject and of sequential movement. This distinguishes our study from previously published reports on comparisons of ''complex'' throughout the entire study. sequential with ''simple'' repetitive finger oppositions that GOLDBERG, G. Supplementary motor area structure and function: review
